Colossoma macropomum, or tambaqui, is the largest native Characiform species found in the Amazon and Orinoco river basins, yet few resources for genetic studies and the genetic improvement of tambaqui exist. In this study, we identified a large number of single-nucleotide polymorphisms (SNPs) for tambaqui and constructed a high-resolution genetic linkage map from a full-sib family of 124 individuals and their parents using the genotyping by sequencing method. In all, 68,584 SNPs were initially identified using minimum minor allele frequency (MAF) of 5%. Filtering parameters were used to select high-quality markers for linkage analysis. We selected 7,734 SNPs for linkage mapping, resulting in 27 linkage groups with a minimum logarithm of odds (LOD) of 8 and maximum recombination fraction of 0.35. The final genetic map contains 7,192 successfully mapped markers that span a total of 2,811 cM, with an average marker interval of 0.39 cM. Comparative genomic analysis between tambaqui and zebrafish revealed variable levels of genomic conservation across the 27 linkage groups which allowed for functional SNP annotations. The large-scale SNP discovery obtained here, allowed us to build a high-density linkage map in tambaqui, which will be useful to enhance genetic studies that can be applied in breeding programs.
groups to build chromosomal assembly 11 . With interspecific crosses, high-density genetic mapping can provide a genome-scan of segregation distortion within the genome 12 and can investigate genomic incompatibilities between species at the genome level 13 . Genetic studies such as genetic linkage mapping 14 , QTL mapping 15 , populational genetic analysis 16 , and genome-wide association studies 17 require a large number of reliable molecular markers across the genome.
Single nucleotide polymorphisms (SNPs) are the marker of choice for genetic studies in various organisms. SNPs are the most abundant molecular markers in any vertebrate genome, with a SNP present in 100-500 bp on average 18 . SNPs are mostly bi-allelic, making them amenable for high-throughput genotyping using SNP arrays 19, 20 . Over the last decade, with the development of next-generation sequencing technologies [21] [22] [23] , genome-scale SNP markers can now be efficiently and cost-effectively identified in any organism for which prior genomic information does not yet exist 24 . Genotype-by-sequencing (GBS) is one next-generation sequencing technique, and is based on the reduction of genome complexity using restriction enzymes 23 . GBS is characterized as a simple, quick, specific, reproducible technique 23 , and has been extensively used to identify a large number of SNPs in various model and non-model species [25] [26] [27] [28] .
In the present study, we applied GBS to identify large-scale SNPs and construct a high-density genetic linkage map for tambaqui, using the Illumina HiSeq 2500 platform. In addition, we conducted syntenic relationship and functional annotation analyses by aligning tambaqui against the zebrafish (Danio rerio) genome. This study provides large-scale SNP markers and high-density linkage maps in tambaqui, which can be a useful resource for facilitating the tambaqui physical map construction, genome assembly, and QTL mapping to enhance genetic studies and breeding programs.
Results
Enzyme selection. Based on in silico and in vitro genomic fragmentation, we tested whether the enzymes PstI and SbfI would generate the expected number of reads required to obtain ~7X sequencing coverage 29 . Each enzyme generated a different distribution of fragment lengths across the entire genome (Supplementary Figure S1 ). The enzyme PstI yielded a larger number of fragments that ranged between 200 bp and 500 bp (see Supplementary Figure S1 ), providing suitable sizes for GBS to be clustered on cBOT (Illumina) in bridge amplification. Table 1 , the 126 samples generated over 352 million single-end reads that had a length of 100 bp. After read trimming, ~285 million quality reads (81%) were obtained, with over 27 Giga bases, equivalent to > 8X genome coverage. An average of 3.2 million quality reads were obtained from the parents and over 2.2 million quality reads were obtained from each progeny ( Table 1 ). The vast majority of samples had genome sequencing depth > 8X, and only 15 progenies had fewer than one million reads (~4.5X) (Supplementary Spreadsheet S1).
Sequencing. As summarized in

SNP discovery.
A total of 81,222 pairwise alignments were obtained with the UNEAK pipeline. After filtering with default parameters, 68,584 putative SNPs that had a minor allele frequency (MAF) that was greater than 0.05 (Table 2) were identified. SNPs were classified into transitions (Ti) and transversions (Tv) based on nucleotide substitution. The number of A/G transitions was about two times greater than C/T transitions; the numbers of A/C and A/T transversions were relatively higher than the C/G and G/T transversions. Transitions are the most Table 2 . Identification of SNPs from the tambaqui (Colossoma macropomum).
common type of nucleotide substitutions, and in this sample 64% of the base changes were transitions and 36% were transversions, with an observed transition to transversion ratio (Ti/Tv) of 1.8:1.
SNP filtering.
A set of 10,288 high quality SNP markers that had a sample call rate > 80% and that were heterozygous for at least one parent were retained for further analysis. After removing markers with significant segregation distortion, a total of 7,734 SNPs were retained for genetic map construction. Of these SNPs, 3,641 were heterozygous only in female, 2,565 were heterozygous only in male, and the remaining 1,528 were heterozygous in both parents. A total of 118 samples with a SNP call rate > 80% were retained for genetic map construction.
Construction of the high-density linkage map. A total of 7,192 SNPs were mapped to 27 linkage groups, consistent with tambaqui's haploid chromosome number (n = 27) 30 (Supplementary Spreadsheet S2). The genetic map spanned a total of 2,810.9 cM, with an average marker-interval of 0.39 cM (Fig. 1) . On average, each linkage group contained 266 markers that spanned an average length of 104 cM, with an average marker interval of 0.41 cM. The number of mapped markers per linkage group varied from 86 markers on LG14 to 362 markers on LG2 and LG9. The smallest linkage group was LG25, which contained 120 markers spanning a length of 70.94 cM. The largest linkage group was LG2, which had 362 markers and a length of 145.66 cM. The maximum gap size in each linkage group ranged from 2.08 cM on LG20 to 14.79 cM on LG12, with an average of 5.27 cM ( Table 3) .
The distribution of markers across each linkage group was assessed using the sliding window approach. The number of markers within a window was counted using a sliding window of 10 cM with a step size of 1 cM. The density value for each window was calculated by dividing the total of markers within a window by the window length. As shown in Fig. 2 , the SNP markers are evenly distributed across the 27 linkage groups. The linkage groups LG2, LG4, LG6, LG8, LG9, LG12, and LG22 had windows with high density of markers (> 8 markers per cM), most of which were clustered at the same genetic positions.
LG14 had more windows with low density of markers.
LG12 had the window with the highest density (10.4 markers per cM) and also the window with the lowest density (0 markers per cM). In general, the regions with high marker density were located near the centromeres (Fig. 2) .
Comparative genomic analysis. Out of the 7,192 SNP markers mapped to the linkage map, 1,237 markers that contained sequences were successfully aligned against the zebrafish genome (Fig. 3) . The synteny analysis between tambaqui and zebrafish showed variable levels of genomic conservation across the 27 linkage groups. Most tambaqui linkage groups showed a relationship with homologous zebrafish chromosomes. Through comparative analysis, a high level of genomic conservation was found between tambaqui and zebrafish for most linkage groups. For instance, more than 30% of the SNPs mapped in LGs 17, 3, 19, 14, 10, 18, 1, 11, 8, 25, 21, 6, 20 Functional annotation. The SNPs for each linkage group were annotated against the genes from the zebrafish (ENSEMBL release 84). This annotation allowed us to evaluate the potential use of our genetic map with respect to possible important traits in breeding programs. Approximately 60% (742) of the SNPs that were evaluated were annotated to be intronic (36%), downstream (13%), or upstream (11%) of gene regions. These SNPs could thus have a direct effect on or be associated with potential performance traits of interest (Table 4 ). The other 40% were evaluated as synonymous variant (11%), intergenic variant (10%), missense variant (7%), non-coding transcript variant (4%), splice region variant (3%), 3 prime UTR variant (1%) and other variants (4%). Only 2% of the SNPs resulted in a stop lost codon, and 1% results in a stop gain codon, both of which can lead to protein truncation (Supplementary Spreadsheet S3).
Allele frequency and coverage evaluation. To evaluate the GBS approach's capability in determining the accuracy of allelic frequencies, we compared the allelic frequency obtained in our genotyping with the frequency expected for a diploid cross. We also analyzed allele frequency calls into population using different SNP coverage thresholds (Fig. 4) . The SNPs were placed into six groups, depending on coverage (5-10X, 10-20X, 20-40X, 40-80X, 80-160X, ≥ 160X). For SNPs with coverage ≥ 160X, we observed three peaks in allele frequency distribution. The first and third peak represent the crosses of AA x Aa, with allele frequencies of 0.25 and 0.75, respectively, with a 1:1 segregation of the AA and Aa genotypes. The second peak represents the cross Aa x Aa, with allele frequencies of 0.5 and a 1:2:1 segregation of the AA, Aa, and aa genotypes. Lower coverage resulted in allelic frequency deviations from expected frequencies.
Discussion
Developing molecular marker panels and genetic linkage maps are essential for genetic improvement programs in aquaculture. Despite the economic and ecological importance of tambaqui, limited genomic resources are available. In this study, we report the first genome-scale SNP discovery and high-density genetic map construction in tambaqui. Sequencing the family under study allowed for the identification and genotyping of a large number of markers in an efficient and cost-effective way. The linkage mapping analysis resulted in the same number of
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LG1 LG VP linkage groups as corresponds to tambaqui's haploid chromosome number (n = 27) 30 . In addition, this process created a high-density linkage map.
SNP discovery and genetic map construction using the GBS approach have been conducted in a number of aquaculture species including Asian seabass (Lates calcarifer) 31 , common pandora (Pagellus erythrinus) 32 , sablefish (Anoplopoma fimbria) 33 , scallop (Chlamys farreri) 34 , oysters (Crassostrea gigas × Crassostrea angulata) 34 , and small abalone (Haliotis diversicolor) 13, 14, 24, 31, 32, 34, 35 . This tambaqui genetic map will be valuable for genomic research and genetic enhancement applications, such as identifying interspecific hybrids 30 and implementing genome-wide association studies 36 . Successfully applying the GBS approach depends on choosing an effective restriction enzyme. This choice determines the number of genomic fragments produced by the complexity reduction for the species under study, which in turn are used to identify genome-wide sequence polymorphisms 37 . The in silico fragmentation showed that PstI and SbfI produce a large difference in the number of restriction sites. The PstI enzyme was more suitable for the fragmentation of the genome tested. This enzyme has also been successfully used in prawn kuruma (Marsupenaeus japonicas) for high-resolution genetic linkage map construction and QTL mapping 35 . The per-base quality of sequencing reads has a great impact on the accuracy of marker detection and genotype calling 38 . In our analysis, we trimmed off 19% of all reads with low-quality scores. This decision resulted in 28% larger numbers of identified SNPs than that from non-trimed reads (unpublished data). This is because the UNEAK Pipeline performs SNP discovery based on a network of SNPs formed by reads that have only a base incompatibility. Low-quality reads create more complicated networks during SNP discovery; it also reduces read counts below a specified error tolerance rate of 0.03. The UNEAK Pipeline considers this networks as a result of sequencing errors and exclude them from genotyping 39 , reducing SNP coverage. In our analysis, SNP coverage had a direct effect on allelic frequency (Fig. 4) . The results showed that higher SNP coverage results in an allele frequency distribution that is consistent with an expected diploid crossing. For instance, the coverage of ≥ 160X provided smaller levels of missing data and a higher percentage of called genotypes (Fig. 4) .
GBS was an efficient method for discovering tens of thousands of SNPs in a genome that had no reference sequence. However, genetic maps require high-quality genotypes of markers from a certain number of mapping samples. In this study, we used high criteria to SNP call rate and sample call rate. Although the filtering steps eliminated 85% of the 68,584 SNPs, the remaining markers and samples had high-quality scores that ensured the construction of genetic map with a high level of accuracy. Similar numbers of makers were also reported in other studies using GBS strategies 31, 34, 40, 41 , which generally show high levels of missing genotypes due to the relatively low sequencing depth.
The GBS approach generated marker-containing sequences, allowing for analysis with other closely-related model species based on sequence homology (Fig. 3) . About 17% of the tambaqui SNPs were successfully aligned with the zebrafish genome. This percentage is higher than that reported in Mexican tetra (Astyanax mexicanus) (14.2%) 11 . However, this higher alignment could be a consequence of the genetic distance between the species used or a consequence of manually maximizing the Bowtie alignment parameters, since that our alignment, using the default parameter, falls from 17% to 9%. A variable degree of synteny is observed between tambaqui linkage groups and zebrafish chromosomes, with some linkages groups showing homology with several chromosomes of zebrafish. The majority of the linkage groups in tambaqui have one-to-one orthologous relationships with chromosomes zebrafish. Notably, zebrafish chromosomes 5 and 7 have two-to-one syntenic relationships with tambaqui linkage groups. The use of zebrafish to perform synteny and collinearity analyses may provide a framework for mapping candidate genes responsible for the traits related to phenotypic divergence in tambaqui. Zebrafish genome also enables the transfer of genomic information between zebrafish and others species, such as Mexican tetra 11 , gudgeons 42 , common carp 43 , rainbow trout 44 , and channel catfish 45 . The syntenic relationships and functional annotation of zebrafish allowed for annotation of the SNPs from the tambaqui linkage map. In turn, this allowed for the identification of 1,237 variants, from which 36% were annotated in genomic regions (Supplementary Spreadsheet S3). Candidate genes for important traits in tambaqui were identified, such as insulin-like growth factor binding protein (IGFBP ), a hypoxia-inducible gene that acts in regulating embryonic growth and development under hypoxic stress 46 . We also found variants in genes that are of medical interest, such as insulin-like growth factor 1a receptor (IGF1RA), a gene that has been studied in animals with relatively slow progression for insulin resistance to better understand possible genes or metabolic situations that may accelerate diabetes progression, thereby offering possible new therapeutic targets 47 . In addition, variants of upstream, downstream, and intronic regions of the immunoglobulin heavy chain variable (IGHV ) gene were annotated. Interesting, this gene has been reported to be the most important indicator of chronic lymphocytic leukemia prognosis 48 . Although the tambaqui genome sequences are still not available, comparative genome analysis enabled the identification of large number of markers in genic regions, which in turn could be used in tambaqui breeding programs.
Conclusion
This study demonstrated that GBS is an effective approach for SNP discovery and the development of high-density genetic linkage maps in tambaqui. This study was also the first to identify genome-scale SNP markers and to construct high-density genetic maps for tambaqui. Comparative genomic analysis with zebrafish revealed variable levels of homologous relationships with zebrafish chromosomes for all tambaqui linkage groups. In addition, large numbers of markers in genic regions were annotated, and genes with potential functions for performance traits were identified. The SNPs and genetic map reported in this work should be valuable tools for genetic studies and aquaculture improvements in tambaqui.
Materials and Methods
Ethical statement. All experimental protocols employed in the present study that relate to animal experimentation were performed in accordance with Brazilian Directive for the Care and Use of Animals in Teaching or Scientific Research Activities, resolution number 30/2016 approved by the National Animal Experimentation Control Council to ensure compliance with international guidelines for animal welfare.
The samples were acquired from a commercial hatchery and were not subjected to any experimental manipulation or euthanasia. No specific permits were required for the work described here.
Fish materials and DNA extraction. The Colossoma macropomum subjects used in this study were collected at a fisheries farm located in the Rondônia state, in the northwestern region of Brazil. A full-sib F1 family of 124 offspring was created by crossing a wild female with a wild male. When the subject's mean body weight reached ~6 g (mean body length of ~5.5 cM), tail fin clips were collected from each progeny and the two parents, and preserved in 90% ethanol. DNA extraction followed these steps: proteinase K digestion (Promega), DNA precipitation in absolute ethanol, washing in 70% ethanol, and resuspension in ultrapure water. DNA concentration was quantified using a Qubit 2.0 fluorimeter (Invitrogen, Carlsbad, CA, USA) and Nanodrop ® 2000c spectrophotometer. DNA integrity was checked in 1% agarose gel. All DNA samples were stored at − 20 °C prior to sequencing library preparation.
Construction of GBS sequencing libraries.
To select an enzyme that uniformly distributed cutting sites across the tambaqui genome, we performed an in-silico DNA cleavage on the zebrafish genome with PstI and SbfI in R using the subsequent Bioconductor 49 packages: Biostrings, BSgenome.Drerio.UCSC.danRer7, plyr, ggplot2, reshape2 and scales (https://github.com/). Additionally, we performed in vitro genomic cleavage of tambaqui DNA samples with the PstI and SbfI enzymes, according to the manufacturer's protocol (New England BioLabs ® ).
GBS library construction and sequencing were conducted at the Animal Biotechnology Laboratory at the University of São Paulo (Piracicaba, Brazil), using the protocol described by Elshire et al. 23 with modifications. In brief, 100 ng of high-quality DNA were cleaved with 0.2 μ L PstI (10U/uL) at 37 °C for 2 hours. After digestion, the restriction enzyme was deactivated at 85 °C for 20 seconds, and the samples were dehydrated. To perform the ligation reaction, all samples were rehydrated in 6 μ L of adapter solutions and incubated at 22 °C for 2 hours in binding mix with T4 DNA ligase (New England BioLabs ® ). For post-ligation reactions, 10 μ l from each of the 126 samples (124 progenies + 2 parents) were aliquoted and pooled with 32 samples per group, followed by polymerase chain reaction (PCR) cleanup using the QIAquick PCR Purification Kit ® (Quiagen), resulting in four "pre-PCR" GBS libraries. Within each library, PCR amplification was conducted using specific primers for sequencing, using the Illumina platform. PCR purification was performed using the Agencourt AMPure XP PCR purification kit ® . PCR products were quantified by quantitative PCR, using the KAPA Library Quantification Kit contaminations. The sequence processing was performed using the UNEAK 39 (Universal Network Enabled Analysis Kit) pipeline with default parameters. UNEAK separates all reads that have an exact match to a barcode plus the subsequent five nucleotides that are expected to remain from a PstI cut-site (i.e., 5′ … CTGCA'G… 3′ ) but no missing data in the first 64 bp subsequently the barcode. Identical reads were clustered into tags; rare or singleton tags represented by fewer than five reads were excluded to reduce possible sequencing errors. All tags were then aligned pair wisely, and 1-bp mismatches were detected as potential SNPs. To reduce false SNP calls, the UNEAK pipeline applied an error tolerance filter of 0.03.
Linkage map construction. The UNEAK output files were imported to Tassel v.3.0 50 in order to apply post-UNEAK filtering. Genotype data were filtered for both parent and progeny samples. Only markers that had no missing genotypes for both parents were retained. Were applied a sample call rate and marker call rate of > 80% (i.e., at least 80% SNPs had genotypes called in each sample and a SNP was called in at least 80% of the samples). In addition, only markers that were heterozygous in at least one of the two parents (i.e., AA x AB, AB x AA, or AB x AB) were used for linkage mapping analysis. Next, markers that significantly deviated from Mendelian inheritance, as determined by a chi-squared test (P < 0.001), were excluded. The genetic maps were constructed using the pseudo-testcross strategy. The program R/OneMap was used to assign markers to linkage groups that had a minimum logarithm of odds (LOD) score of 8 and a maximum recombination fraction of 0.35. The program JoinMap4 was then used to construct the map for each linkage group, using the regression mapping algorithm and Kosambi mapping function. Functional annotation. The SNPs that successfully aligned with the zebrafish genome (Danio rerio, Zv9)
were annotated using the Variant Effect Predictor (VEP) tool v.71 52 . The annotations included a range of variant types such as intronic, downstream gene, upstream gene, synonymous, missense, intergenic, splice region, and non-coding transcript.
